The glutamine synthetase (GS) gene glnA of Thiobacillus ferrooxidans was cloned on recombinant plasmid pMEB100 which enabled Escherichia coli ginA deletion mutants to utilize (NH4)2SO4 as the sole source of nitrogen. High levels of GS-specific activity were obtained in the E. coli glnA deletion mutants containing the T. ferrooxidans GS gene. The cloned T. ferrooxidans DNA fragment containing the glnA gene activated histidase activity in an E. coli glnA glnL glnG deletion mutant containing the Klebsiella aerogenes hut operon. Plasmid pMEB100 also enabled the E. coli ginA ginL ginG deletion mutant to utilize arginine or low levels of glutamine as the sole source of nitrogen. There was no detectable DNA homology between the T. ferrooxidans ginA gene and the E. coli glnA gene.
Thiobacillus ferrooxidans is an acidophilic autotrophic bacterium which is able to obtain its carbon by fixing carbon dioxide from the atmosphere and derives its energy by oxidizing either ferrous iron to ferric iron or sulfur compounds to sulfuric acid. T. ferrooxidans is ideally suited to growth in a mining environment and is used industrially to leach metals from mineral ores. Although T. ferrooxidans is extremely efficient in scavenging nitrogen in the form of ammonia, the scarcity of nitrogen in leach liquors may limit the efficiency of bacterial leaching operations (20) . Mackintosh (10) Transcription of the structural gene for GS, gInA, is regulated by the products of the glnL and g1nG genes, which are linked to the glnA gene, as well as by the product of the unlinked glnF gene (7, 9, 11, 13, 14) . The glnL and glnG genes also regulate other operons involved in aspects of nitrogen metabolism (19) .
The future potential for the production of leaching bacteria with desirable characteristics for industry by genetic manipulation will depend, in part, on an understanding of gene expression in autotrophic thiobacilli. Before this study was carried out, the expression of a chromosomal structural gene from an acidophilic autotroph in a heterotroph had not been demonstrated. Previously, Rawlings and Woods (15) reported that the oriV, oriT, nic, and mob functions of plasmids from T. ferrooxidans are expressed in Escherichia coli.
The names, sources, phenotypes, and references of the plasmids and bacteria used in this study are shown in Table  1 (Apr) gene, and the pBR322 origin of replication. The EcoRI gene has a single BglII cloning site. T. ferrooxidans was grown in inorganic 9K medium (16) . The E. coli strains were grown in Luria medium (12) and glucose minimal medium (12) either with (NH4)2SO4 (1 g/liter) as the sole nitrogen source or with glutamine (0.02 M).
A library of T. ferrooxidans ATCC 33020 DNA was established in E. coli HB101 by insertional inactivation of the EcoRI gene of pEcoR251. T. ferrooxidans chromosomal DNA prepared by the method of Barros et al. (3) and pEcoR251 prepared by the method of Ish-Horowicz and Burke (8) were digested to completion with BamHI and BglII, respectively. Ligated DNA (12) was used to transform competent (6) E. coli HB101 cells, and transformants containing recombinant pEcoR251 plasmids were selected on Luria agar containing ampicillin (100 ,ug/ml). Plasmid DNA prepared from pools of clones containing T. ferrooxidans DNA was used to transform the E. coli ET8051 glnA deletion strain. An E. coli ET8051 glnA+ transformant was isolated on minimal medium. The transformant contained a pEcoR251 recombinant plasmid designated pMEB100 (glnA+ Ap'). The presence of a GS structural gene on pMEB100 was confirmed by retransformation of E. coli ET8051 glnA and E. coli YMC11 glnA deletion strains. After retransformation, approximately equal numbers of glnA+ and Apr transformants were obtained on minimal medium and Luria agar containing ampicillin. Digestion of pMEB100 with PstI indicated that a 6-kilobase (kb) DNA fragment was inserted into pEcoR251 (Fig. 1) .
The origin of the 6-kb insert in pMEB100 was determined by Southern blotting and DNA hybridization with oa-32P-labeled pMEB100 (Fig. 1 ). Chromosomal DNAs from T. ferrooxidans, E. coli ED8654, and E. coli ET8051 were completely digested with PstI, plasmids pMEB100 and pEcoR251 were digested with PstI, and plasmid p804 was double digested with EcoRI-HindIII. The digested DNA fragments were fractionated by electrophoresis in 0.7% Tris-acetate agarose gels and transferred to GeneScreen Plus membrane filters (New England Nuclear Corp., Boston, Mass.) (17) . pMEB100 and p804 nick translated with [ca-32P]dATP were used as hybridization probes (12) . Since pMEB100 has five PstI fragments, two of which (2.35 and 2.25 kb) are internal to the putative T. ferrooxidans chromosomal insert, labeled pMEB100 was hybridized to both T. ferrooxidans chromosomal DNA and pMEB100 digested with PstI. The 2.35-and 2.25-kb fragments of pMEB100 corresponded exactly to two of the four fragments on the T. ferrooxidans chromosomal digest that gave a positive hybridization signal (Fig. 1) . Although the hybridization was done under conditions of low stringency (<20%), no hybridization was detected between the insert and PstI-digested chromosomal DNA from either E. coli ED8654 glnA+ or the E. coli ET8051 glnA deletion strain. The hybridization among pMEB100, p804, and pEcoR251 was due to pBR322 DNA sequences which were present on all three plasmids. GS activity was assayed (4, 5) in exponential-phase E. coli ET8051 glnA-and E. coli YMC10 gInA+ cells and in E. coli ET8051 and YMC11 cells containing pMEB100 (Table 2) . High levels of GS-specific activity were obtained in the E. coli glnA deletion mutants containing the T. ferrooxidans GS gene ( Table 2) . The E. coli ET8051 gInA deletion mutant showed no GS activity. The effect of nitrogen levels on the expression of the T. ferrooxidans GS activity in E. coli was determined by comparing GS activity in cells grown under nitrogen-excessive or nitrogen-limiting conditions (Table 2) . GS activity in E. coli YMC10 wild type was repressed by excess glutamine and was induced under conditions of limiting nitrogen. Although the cloned T. ferrooxidans glnA gene in E. coli produced high levels of GS activity in excess nitrogen, activity was increased approximately threefold when cells were shifted to nitrogen-limiting conditions, and extremely high levels of GS activity were obtained.
The nitrogen regulatory genes (glnL and g1nG) have been shown to control the level of arginine transport activity, the high-affinity glutamine transport system, and the activation of the Klebsiella aerogenes hut operon carried by E. coli ET8051 and E. coli YMC11 (9, 13, 14, 19) . The presence of functional (analogous) nitrogen regulatory genes on the cloned T. ferrooxidans glnA DNA fragment in E. coli ET8051 and E. coli YMC11 was determined by growth on arginine or a low level of glutamine as the sole source of nitrogen and by monitoring the levels of histidase activity, which was assayed by the method of Smith et al. (18) .
E. coli ET8051 and E. coli YMC11 glnA glnL glnG deletion strains were unable to grow on minimal media containing (NH4)2SO4, arginine, or low levels of glutamine. E. coli ET8051 and E. coli YMC11 containing pMEB100 and E. coli YMC10 wild-type strain were able to grow on these media ( Table 2) .
The K. aerogenes hut operons carried by E. coli ET8051, E. coli YMC11, and E. coli YMC10 contain a hutC mutation (19) absence of the normal inducer, histidine (Table 2 ). However, activation of histidase activity by growth in limiting nitrogen was shown in the E. coli YMC10 wild-type strain and the E. coli glnA glnL ginG deletion strains containing pMEB100. Growth of the E. coli ET8051 glnA glnL ginG deletion mutant in limiting nitrogen did not increase the level of histidase.
Since the nitrogen regulatory genes (glnF, glnL, and gInG) in E. coli have been shown to regulate other operons involved in nitrogen metabolism, including the operon for histidine utilization, and arginine transport activity and the high-affinity glutamine transport system (19), we conclude that pMEB100 contains analogous genes which complement the glnL and glnG gene functions in the E. coli glnL gInG deletion mutants ET8051 and YMC11. The inability to activate histidase and enable E. coli ET8051 ginA glnL glnG to grow on arginine or low levels of glutamine as the sole source of nitrogen has been used as evidence for the absence of an Ntr phenotype on a fragment of Anabaena DNA containing the gInA gene (19) . The restriction endonuclease map of pMEB100 was obtained by complete single or double digestions with restriction endonucleases (Fig. 2) . The localization of the GS gene and the DNA region determining the Ntr phenotype (growth on arginine or low levels of glutamine; histidase activation) was determined by the isolation and characterization of pMEB100 deletion plasmids (Fig. 2) . It was not possible to separate the Gln+ and Ntr+ phenotypes on deletion plasmids which were either Gln+ Ntr+ or Gln-Ntr-as determined by GS activity, growth on arginine or low levels of glutamine, and histidase activation. The GS gene and control of the Ntr phenotype were located on a 3.7-kb fragment of the 6.0-kb insert, extending from the junction of the T. ferrooxidans DNA insert and pEcoR251 DNA.
In E. coli and Salmonella typhimurium, glnA, glnL, and glnG genes are adjacent to each other on 1.5-, 1.0-, and 1.7-kb fragments, respectively. In T. ferrooxidans, the glnA gene and the equivalent of the glnL and glnG functions, which are expressed in E. coli, are located on a 3.7-kb DNA fragment. This is at least 0. 5 
